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Meta-optics based on optically resonant all-dielectric structures is a rapidly developing research area driven by its po-
tential applications for low-loss efficient metadevices. Active, light-emitting subwavelengh nanostructures and meta-
surfaces are of a particular interest for meta-optics, as they offer unique opportunities for novel types of compact light
sources and nanolasers. Recently, the study of halide perovskites has attracted an enormous attention due to their ex-
ceptional optical and electrical properties. As a result, this family of materials can provide a prospective platform for
modern nanophotonics and meta-optics, allowing to overcome many obstacles associated with the use of conventional
semiconductor materials. Here we review the recent progress in the field of halide-perovskite meta-optics with the
central focus on light-emitting nanoantennas and metasurfaces for the emerging field of active metadevices.
I. INTRODUCTION
Nanophotonics bridges optics and nanoscale science, and
it describes localization of light at the nanoscale in spatially
trapped resonant optical modes1, enabling to scale down sub-
stantially the size of many optical devices. For many years,
the management of light in the subwavelength regime was as-
sociated solely with metallic structures supporting plasmonic
resonances, paving the way to various nanoscale optical phe-
nomena and applications of nanoplasmonics2.
To confine light at the nanoscale, traditional nanophoton-
ics employs noble metals, as well as various metal alloys
and doped oxides1,2. Recently, to overcome optical losses
and bring novel functionalities, optically resonant dielectric
nanostructures have been introduced and extensively stud-
ied over the last decade3,4. Usually, conventional semicon-
ductors such as silicon or gallium arsenide are employed for
such nanostructures due to their high values of the refractive
index and well-developed fabrication methods5. However,
most semiconductors face some limitations related to difficul-
ties with reversible spectral tunability, still expensive fabrica-
tion processes, and low quantum yield at room temperatures.
Therefore, more complicated designs with integrated quantum
dots or quantum wells had to be applied6 to overcome such
limitations partially. We believe that the next important step
is the simplification of the developed designs making them
more attractive for large-scale low-cost technological applica-
tions by utilizing a rising star of the modern material science
– halide perovskites.
Halide perovskites are materials with a composition ABX3,
where X stands for halide (I−, Br− or Cl−), A is an organic or
inorganic element, and B is one of the cations listed in Fig. 1.
They support excitonic states at room temperature, refrac-
tive indices (n=2÷3) high enough for the efficient excitation
of various optical resonances, chemically tunable bandgap,
strong optical nonlinear response, high defect tolerance, and,
thus, quantum yield in the range 30÷90% of photolumines-
cence (PL) at room temperatures7,8. They have already revo-
lutionized the solar-cell technologies with up to 24.2% perfor-
mance efficiency9. Next breakthrough in this field will lead to
a novel generation of perovskite-based light-emitting diodes10
and photodetectors, and the efficiencies of such devices grow
rapidly with a promise to overtake many previously developed
technologies. In turn, light management at the nanoscale is
highly important for such a kind of applications, because light
absorption and emission occurs at the subwavelength scale.
This raises an important question: Can nanophotonics make
perovskite-based optical devices substantially better? The re-
cent results suggest that indeed perovskites can be empow-
ered by optical resonances and nanostructuring, as illustrated
schematically in Fig. 1.
Importantly, tight confinement of the electromagnetic fields
in resonant optical nanostructures can boost light-matter in-
teraction, and thus enhance light emission processes. All-
dielectric light-emitting (‘active’) nanostructures offer many
advantages over their plasmonic counterparts, including high
radiation efficiency, directional far-field coupling, and lower
heat generation. Furthermore, light sources can be directly
placed inside the nanoresonator material, where the near-field
enhancement is usually the largest. Nanostructures with opti-
cal resonances at the wavelength of the material emission can
offer many new opportunities for controlling light emission at
the nanoscale, providing a pathway for the realization of novel
types of light sources and nanolasers.
In this paper, we review the current progress in this recently
emerged field of halide-perovskite meta-optics driven by mul-
tipolar Mie-type resonances and summarize the most remark-
able developments. In addition, we discuss some future re-
search directions and expected novel applications of this field,
including lasing from nanoparticles and metasurfaces, as well
as chemically tunable light-emitting metadevices.
II. WHAT IS "META-OPTICS" ?
"Meta-optics" is a new and rapidly developing research di-
rection in subwavelength optics and nanophotonics, and it is
inspired by the physics of metamaterials4 where the electro-
magnetic response is associated with the magnetic dipole res-
onances and optical magnetism originating from the resonant
dielectric nanostructures with high refractive index4. The con-
cepts of meta-optics and all-dielectric resonant nanophoton-
ics are driven by the idea to employ subwavelength dielec-
tric Mie-resonant nanoparticles as "meta-atoms" for creating
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Figure 1. Schematic illustration of the basic designs of meta-optics structures based on halide perovskites for metadevice applications:
Individual particles of various shapes and arrays of nanoparticles with unique emission properties tunable in the entire optical spectral range.
Cations ‘MA’ and ‘FA’ stand for CH3NH+3 and HC-(NH2)
+
2 , respectively.
highly efficient optical metasurfaces and metadevices, the lat-
ter are defined as devices having unique functionalities de-
rived from structuring of functional matter on the subwave-
length scale11.
To the best of our knowledge, the term "meta-optics" as-
sociated with this context was suggested by Professor Emer-
itus Ross McPhedran12 who commented on this as follows:
“I think I made the term up to denote traditional optics
but enriched with new elements provided by metamateri-
als” (Ross McPhedran, University of Sydney: March 5,
2018). Indeed, the term "meta-optics" emphasizes the im-
portance of optically-induced magnetic response of artificial
subwavelength-patterned structures. Because of the unique
optical resonances and their various combinations employed
for interference effects accompanied by strong localization
of the electromagnetic fields, high-index nanoscale structures
are expected to complement or even replace different plas-
monic components in a range of potential applications. More-
over, many concepts which had been developed for plasmonic
structures, but fell short of their potential due to strong losses
of metals at optical frequencies, can now be realized based on
Mie-resonant dielectric structures.
III. HALIDE PEROVSKITES VS. SEMICONDUCTORS
During last few years monolithic light-emitting nanoanten-
nas and metasurfaces have been fabricated from various semi-
conductor materials13. PL enhancement was observed from
Si nanocrystals incorporated in SiO2 resonant nanoparticles14,
Ge quantum dots in Si resonant nanoparticles15, and NV-
centers in resonant diamond nanoparticles16. Aiming for more
general applications, we discuss the advantages of halide per-
ovskites and compare them with conventional semiconductors
such as Si and GaAs, because they are widely used in mod-
ern nanophotonics17–20, as well as optoelectronics and photo-
voltaics.
As shown schematically in Fig. 2a, halide perovskites can
be considered as direct band-gap materials resembling GaAs.
Ab initio calculations21 show that the state contributed by the
cation A (e.g. Cs, MA, FA, etc.) is far from the band edges,
which means that it does not play a significant role in deter-
mining the basic electronic structures in halide perovskites. In
turn, the valence band has Pb s and X p anti-bonding charac-
ter, whereas the conduction band is formed by the Pb p states.
This is unique dual nature (ionic and covalent) of halide per-
ovskites electronic structure. In conventional semiconductors
such as GaAs, the conduction band primarily has s orbital
character, whereas the valence band primarily has p orbital
character. In contrast, halide perovskites exhibit inverted band
structure, and the conduction band is mainly composed of de-
generate Pb p bands. The atomic p orbital are less dispersive
than s orbitals, and the density of states in the lower conduc-
tion band of the halide perovskites is significantly higher than
in GaAs, and it is several orders of magnitude stronger than in
Si. As a result, halide perovskites have stronger the interband
transition dipole moment, yielding a high absorption coeffi-
cient and high quantum yield for the emission of light.
Additionally, as compared to GaAs, halide perovskites
also have high tolerance to defects for luminescence22, ex-
citons at room temperature23, slightly lower refractive index
in visible/near-infrared ranges, and reversibly tunable band
gap from 1.5 eV up to 3 eV24,25 (Fig. 2b). Due to these fa-
vorable characteristics, ease of processing and low price, the
perovskites are the promising family of material for the next
generation optoelectronic and nanophotonic devices. Namely,
there is an urgent necessity to create cheap, efficient, reli-
able and easy-to-manufacture solar cells, LEDs, ultracompact
lasers, nonlinear optical devices, and optical chips. Another
scheme in Fig. 2c shows general comparison of applications
of halide perovskites with those for Si and GaAs based tech-
nologies, where meta-optics and currently developing the con-
cepts can boost the performance of real devices.
3A. On-chip integrated photonics
The real part of the refractive index of halide perovskites
is significantly larger than that for SiO2 or most of polymers,
making the perovskites to be good materials for on-chip in-
tegration, owing to high enough optical contrast. Moreover,
in situ chemical variation of the perovskites band gap24,25
and, thus, the spectrum of their luminescence, opens up
unprecedented opportunities for reconfigurable nanophotonic
devices not achievable with the use of the conventional GaAs
platform. As a result, halide perovskite nanoparticles26,
nanowires27,28, microdisks29, microplates30, nanoscale grat-
ings31, and metasurfaces32,33 are easy to fabricate and pro-
cess, and they can become a convenient and cheap part of op-
tical circuitry in the near future34. Nevertheless, the existing
silicon-based platform is much more developed for on-chip
integrated photonics35, but it is expected to be outperformed
by the perovskites in the future.
B. Nonlinear optics
Nonlinear properties of halide perovskites are superior
to many conventional semiconductors36,37. For example,
CsPbX3 demonstrates two-photon, three-photon and even
five-photon absorption38, being sufficient for multiphoton
pumping of lasing39. Third-harmonic generation has also
been measured with high third-order susceptibilities χ(3) ex-
ceeding the level of 10−17 m2V−2[40]. Second-harmonic gen-
eration from halide perovskite (CsPbX3 or MAPbX3, where
MA=CH3NH3) structures is not so effective due to the cen-
trosymmetric crystalline structure. However, lead-free per-
ovskites (such as CsGeI3 and MAGeI3) exhibit giant second-
harmonic generation with the second-order nonlinear coeffi-
cient χ(2) exceeding the values of 150 pm V−1, being compa-
rable with those for GaAs and exceeding by many orders the
coefficients observed for silicon33,41.
C. LEDs and lasers
Because of a direct bandgap, strong excitons, high de-
fect tolerance, and outstanding color tunability of halide per-
ovskites, they are used actively for light emitting devices
(LEDs)42. Best performing perovskite-based LEDs demon-
strate the efficiencies higher than 20%10,43, and this number
can be improved further by smart nanophotonic designs34, as
was demonstrated for other LED materials44.
Miniaturization of light-emitting architectures is motivated
by the development of nanolasers and microlasers45. Per-
ovskite lasers based on nanowires, microdisks, and nanoscale
gratings show low-lasing thresholds, spectral tunability, and
high defect stability8,27,34,46. In turn, pure Si and GaAs can
not compete with the perovskite lasers, and they need an
additional doping or integration with quantum wells. How-
ever, Si- and GaAs-based sources emitting in the near IR
frequency range are currently widely used in telecom ap-
plications, where no compositions for halide perovskite are
available yet. Also, Si based nanostructures can emit white
light upon strong photoexcitation with relatively low quantum
yield47,48, which can be outperformed by layered rather than
bulk perovskites49.
D. Photovoltaics
Most of commercial photovoltaic solar cells have been pro-
duced using silicon. Wafer-based monocrystalline or poly-
crystalline silicon solar cells exhibit stability, heat resistance,
relatively high photo-conversion efficiency (up to ≈26%) and
low-cost fabrication. However, the main disadvantage of crys-
talline silicon is a poor absorbance due to indirect bandgap,
which requires an increase of an active layer. It makes prob-
lematic creating flexible thin-film photovoltaic devices. The
use of GaAs allows to avoid this disadvantage, and it is well
suited for photoelectric applications, with an optimal direct
bandgap (1.424 eV), high absorption coefficient, good car-
rier lifetime and mobility, as well as low nonradiative energy
losses. A key disadvantage is a high cost of production due to
the need to use the epitaxial growth methods.
Iodine perovskites (e.g. MAPbI3) have the optical charac-
teristics close to GaAs, while their electronic properties make
the perovskites favorable for thin-film photovoltaics owing to
stronger light absorption21,50. At the same time, halide per-
ovskite are based on earth-abundant and cheap materials, as
well as easy processing without complex manufacturing mul-
tistage procedures. Remarkably, by employing the concepts
of nanophotonics and meta-optics, one can improve further
the characteristics of perovskite solar cells51–54.
E. Cost efficiency
Due to abundance of silicon, streamlined production, and
high density of components which can be placed on a sub-
strate, the cost of silicon components is very low. However,
complex methods of creating and post-processing of silicon-
based structures are still required for the fabrication of silicon
micro- and nanostructures. Devices based on GaAs are sev-
eral orders of magnitude more expensive due to a high cost
and small size of the substrates, as well as the use of complex
epitaxial growth methods and rarity of the material. In this
category, perovskite-based devices look more affordable and
cheaper for the production on large scales55. Using wet chem-
istry methods and roll-to-roll techniques, it is possible to cre-
ate flexible, cheap, and effective optoelectronic and nanopho-
tonic devices. Finally, perovskite based devices have also now
been demonstrated to be stable for thousands of hours under
conditions that should mimic those that a real device can be
exposed to.
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Figure 2. Comparison of conventional semiconductor materials and halide perovskites. (a) Sketches of band structures for different semi-
conductors (Si, GaAs, and halide perovskites), indicating broadband and reversible tuning of band gap for perovskites via anions variation (a
rainbow arrow). Dashed parabolic curves illustrate the existence of excitons in the perovskites at room temperature. (b) Real parts of refractive
index (n) around the edges of conduction band are shown for Si, GaAs, and halide perovskites, where A stands for Cs,MA, or FA, and B stands
for Pb, Sn, or Ge. Hollow circles correspond to MAPbX3 compositions. (c) A hexagon scheme depicts comparison of suitability of various
materials (Si, GaAs, and halide perovskites) for different applications. Low level corresponds to strong limitations for material to be applied
in a particular field; medium level implies the moderate limitations; high level means that the material either is already widely used or highly
prospective for a particular field of applications.
IV. BASIC CONCEPTS AND TOOLS
A. Optical resonances in dielectric meta-optics
Resonances play a crucial role in meta-optics because they
allow to enhance both electric and magnetic fields. Unlike
plasmonic nanoparticles and their structures, the electromag-
netic fields penetrate into dielectric nanostructures, and the
light-matter interaction in such structures depends strongly
on geometric resonances and interferences between different
multipolar modes for individual elements and their composi-
tions such as oligomers and metasurfaces.
A building block of any metamaterial or metasurface is
a resonant subwavelength structure, frequently called ‘meta-
atom’ and also known in plasmonics as ‘nanoantenna’. Re-
cently, optically-resonant dielectric nanoparticles with high
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Figure 3. SEM images of major building blocks of halide perovskite
meta-optics: (a) spheroids,56 (b) cuboids,57 and (c) disks.58 (d) Pho-
toluminescence spectra for perovskite spheroids with various com-
positions. Adapted with permission from56.
refractive index have attracted a lot of attention in nanopho-
tonics as an alternative approach to achieve a strong Mie-
resonant response accompanied by subwavelength localiza-
tion of light3. Meta-optics in halide perovskites takes an ad-
vantage of their relatively high refractive index and a possi-
bility to employ the structures with different shapes. Typical
shapes of halide-perovskite meta-atoms are spheres, cubes,
and cylinders, as shown in Figs. 3a-c. Optical response of
dielectric nanoparticles of various shapes has been studied in-
tensively during last few years59–62, and it was revealed that
the scattering properties of dielectric nanoparticles depend
strongly on the geometric parameters and the value of the ma-
terial refractive index.
According to Fig. 2b, the refractive index of halide per-
ovskites lies in the range n=2÷3, where compounds with nar-
rower bandgaps (∼1.5 eV, ABI3) possess higher values around
an exciton line, whereas lower values are associated with the
compounds having the widest bandgaps (∼3 eV, ABCl3) sat-
isfy qualitatively the Moss relation63. PL of the halide per-
ovskite nanoparticles follows the bandgap changing trends,
and it can be varied in the entire visible frequency spectrum
(Fig. 3d), which is important knowledge for Purcell factor cal-
culations.
B. Mie resonances
Optical resonances in a dielectric spherical particle can be
described analytically by the well-known Mie theory64. The
Mie theory gives the scattering efficiencies for all angles, as
well as in both forward and backward directions relatively to
the propagation direction of the incident plane wave:
Ctotalscat =
2
q2
∞
∑
s=1
(2s+1)(|as|2+ |bs|2), (1)
C f orwardscat =
1
q2
|
∞
∑
s=1
(2s+1)(as+bs)|2, (2)
Cbackwardscat =
1
q2
|
∞
∑
s=1
(2s+1)(−1)s(as−bs)|2, (3)
where, q=2piRnm/λ , R is the particle radius, nm is refractive
index of host media, λ is incident wavelength. The coeffi-
cients as and bs correspond to electric- and magnetic scat-
tering amplitudes for corresponding Mie modes (multipoles),
which were actively studied during last decade for various
high-refractive-index materials (such as Si and GaAs).
The first resonance of a spherical dielectric nanoparticle is
the magnetic dipole resonance (b1), and it occurs when the
wavelength of light inside a spherical particle with the refrac-
tive index becomes almost equal to the particle’s diameter65.
In turn, metallic spherical particles have negligibly small con-
tribution of the magnetic modes. Another remarkable feature
of dielectric particles is the ability to efficiently control scat-
tering power pattern. As one can see from Eq. (3), backward
scattering can be suppressed when magnetic and electric mo-
ments have comparable amplitudes and equal phases.
More advanced numerical methods are required to solve the
Maxwell equations for cylindrical, cubical, and other shapes
of nanoparticles59. Despite the typical shapes of halide per-
ovskite nanoparticles are non-spherical, but also cubic and
cylindrical ones, one can similarly consider scattering on these
nanoparticles as a series of multipoles. The multipole mo-
ments can be calculated through the electric current density
J=−iωε0(εr−1)E induced in the particle located in air by a
normally incident wave, where ε0 is the vacuum permittivity,
εr is the relative permittivity of the particle material. E is the
total electric field inside the particle which can be obtained
by carrying out 3D electromagnetic simulations. Since the di-
mensions of our particles are comparable with a wavelength
of the incident light we used the following expressions for the
spherical multipole expansion beyond the long-wavelength
approximation66:
p=
−1
iω
∫
J j0(kr)dr+
k2
2
∫ [
3(r ·J)r− r2J] j2(kr)
(kr)2
dr, (4)
m=
3
2
∫
[r×J] j1(kr)
kr
dr, (5)
Qˆ=
−3
iω
∫
[3(r⊗J+J⊗ r)−2(r ·J)Uˆ ] j1(kr)
kr
dr
+2k2
∫
[5r⊗r(r·J)−(r⊗J+J⊗r)r2−r2(r ·J)Uˆ ] j3(kr)
(kr)3
dr,
(6)
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Figure 4. Scattering properties of halide-perovskite nanoparticles of different shapes. Calculated scattering efficiencies for spheres, cubes,
and cylinders, and the average Purcell factor for spherical particles. Results are presented for three typical chemical compositions of the halide
perovskite materials: MAPbI3, MAPbBr3, and MAPbCl3, where MA=CH3NH3.
Mˆ = 15
∫
[r⊗ (r×J)+(r×J)⊗ r] j2(kr)
(kr)2
dr, (7)
where p,m, Qˆ and Mˆ are electric dipole (ED), magnetic dipole
(MD), electric quadrupole (EQ) and magnetic quadrupole
(MQ) moments of the particle in the Cartesian representation,
respectively. Here j0,1,2,3 denotes spherical Bessel functions,
k is the wavenumber in air, Uˆ is the 3×3 unit tensor and r is
the radius vector from the center of the particle.
Total scattering efficiency can be obtained by summing up
each multipole contribution to the scattering as follows (here
we consider contributions of several first multipoles up to
magnetic quadrupole):
Cscat ' k
4
6piε20 |Einc|2σgeom
|p|2+ |m|2
c
+
|kQˆ|2+
∣∣∣ kMˆc ∣∣∣2
120
 ,
(8)
where Einc is the incident electric field and σgeom is the geo-
metric cross section.
In Fig. 4, scattering efficiencies for spheroids, cuboids, and
cylinders made of different halide perovskite compositions are
presented. The compositions correspond to three main formu-
las: MAPbI3, MAPbBr3, and MAPbCl3. One can see that
for the wavelengths larger than the edge of conduction band,
Mie resonances are strong enough to provide high values of
scattering efficiency (up to 10). At the wavelengths corre-
sponding to high linear absorption, the scattering efficiency
is much weaker except that for MAPbI3, where the losses in
range 500–800 nm (bottom of the conduction band) are not
too high. Remarkably, that all considered shapes of perovskite
nanoparticles demonstrate distinguishable Mie resonances.
Next step is the analysis of scattering power pattern
for resonant dielectric nanoparticles irradiated by a plane
wave. Smart engineering of optical resonances within sin-
gle nanoparticle by varying its geometrical parameters al-
lows for interesting effects related to manipulation by scat-
tering directivity. If electric and magnetic polarizabilities of a
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Figure 5. Multipole decomposition of the scattering fields of per-
ovskite nanoparticles. Calculated total scattering and multipole de-
composition from Eq. (4 - 8) for MAPbBr3 nanocubes with the size
(a) H = 250 nm and (b) H = 350 nm. The green area corresponds
to the Huygens’ regime when ED ' MD. Right: scattering patterns
corresponding to the superposition of different multipoles: ED+EQ
(point 1), ED+MD (points 2, 4) and EQ+MQ (point 3).
nanoparticle are equal each other in magnitude and phase (the
first Kerker condition67 or Huygens regime68), light scattering
from this nanoparticle is suppressed in the backward direction.
In this regard, it is crucial to provide multipole decomposi-
tion to understand at which spectral positions one can expect
the regime of backward scattering suppression. In Fig. 5, the
calculations show how different multipoles contribute to the
scattering in a perovskite cubic nanoparticle. As expected, the
interference of electric and magnetic dipoles gives dominating
forward scattering. Interestingly, that this regime is broad-
band for a specific sizes (e.g. for 350-nm cube, as shown in
Fig. 5b), which is important for a number of applications re-
lated to anti-reflective coatings in real devices.
C. Other resonances in dielectric meta-optics
In addition to the well-known Mie resonances supported by
individual meta-atoms, the recent advances in dielectric meta-
optics are associated with other types of resonances which al-
low to shape and control both linear and nonlinear properties
of nanoscale structures and metasurfaces.
The so-called Fano resonance is a fascinating phenomenon
of wave physics observed in many problems of photonics,
plasmonics, and metamaterials69. A cluster of nanoparticles
can support Fano resonances arising from interference be-
tween different localized modes and radiative electromagnetic
waves. In nanophotonics, the Fano resonance is observed typ-
ically as a resonant suppression of the total scattering cross-
section with enhanced absorption. The Fano resonance is
attractive for applications because it allows to confine light
more efficiently, because it is characterized by a steeper dis-
persion than a conventional resonance, making it promising
for nanoscale biochemical sensing, fast switching, and lasing.
A multimode analysis (see, e.g., the review4 and refer-
ences therein) reveals a principal difference between Fano
resonances in dielectric and plasmonic nanoparticle clusters
(also called oligomers). In comparison with oligomers made
of metallic particles, all-dielectric nanoparticle structures are
less sensitive to a separation between the particles, and the
field is localized mainly inside the nanoparticles. Also, di-
electric nanostructures exhibit low losses, which allows ob-
serving the Fano resonances for new geometries not supported
by their plasmonic counterparts. These novel features lead to
different coupling mechanisms between nanoparticles making
all-dielectric nanoparticle structures more attractive for appli-
cations in active meta-optics.
Bound states in the continuum have attracted a lot of at-
tention in photonics recently, and they originate from a cou-
pling between the leaky modes in dielectric structures such
as photonic crystals, metasurfaces, and isolated resonators70.
These resonances provide an alternative mean to achieve very
large quality factors (Q-factors) for lasing71 and also allow to
tune a photonic system into the regime of the so-called su-
percavity mode72. A true bound state in the continuum (BIC)
is a mathematical object with an infinite value of the Q fac-
tor and vanishing resonance width, and it can exist only in
ideal loss-less infinite structures or for extreme values of pa-
rameters73,74. In practice, BIC can be realized as a quasi-BIC
mode, being directly associated with the supercavity mode72,
when both the Q factor and resonance width become finite.
However, the localization of light inspired by the BIC physics
makes it possible to realize high-Q quasi-BIC modes in many
optical structures such as cavities, photonic-crystal slabs, and
coupled waveguides.
Importantly, there exists a direct link between quasi-BIC
states and Fano resonances since these two phenomena are
supported by the similar physics. More specifically, quasi-
BIC resonance can be described explicitly by the classical
Fano formula, and the observed peak positions and linewidths
correspond exactly to the real and imaginary parts of the
eigenmode frequencies. The Fano parameter becomes ill-
defined at the BIC condition, which corresponds to a collapse
of the Fano resonance. Importantly, every quasi-BIC mode
can be linked with the Fano resonances, whereas the opposite
is not always true: the Fano resonance may not converge to
the BIC mode for any variation of the system parameters.
8D. Photoluminescence and lasing
Optical resonances in nanoparticles is a powerful platform
for the emission enhancement from nanostructures. Generally
speaking, halide perovskites are considered as a family of ma-
terials with a high quantum yield (QY) of PL, being widely
employed for LEDs and lasing applications, as described in
Section III above. However, the dependence of QY on pho-
togenerated carriers concentration has a nontrivial behavior,
which is strongly affected by the type of recombining parti-
cles: free carriers or excitons. Indeed, since binding energy of
Wannier-Mott excitons in these materials is strongly depen-
dent on the bandgap: Eb=20 meV for CsPbI3, Eb=5÷15 meV
for MAPbI3, Eb=40 meV for CsPbBr3, Eb=15÷40 meV for
MAPbBr3, Eb=60÷75 meV for CsPbCl3, and Eb=41 meV for
MAPbCl334,75 free carriers and excitons can coexist in equi-
librium under the appropriate conditions.
A balance between free carrier and exciton populations at
equilibrium can be determined by the Saha–Langmuir equa-
tion76,77. Fig. 6 shows the calculated fraction of free carriers
relatively to excitons according to this equation with param-
eters close to 3D halide perovskite ones at room temperature
taken from Ref.78. The calculated ratios for binding energies
20 meV (iodine-like), 50 meV (bromine-like), and 100 meV
(chlorine-like) give general picture about the contribution of
excitons for various compositions and regimes of perovskite
excitation.
However, the Saha–Langmuir relation does not include the
contributions from many-body effects and can be applied at
relatively low carriers densities only. Indeed, the Coulomb
interaction between an electron and hole would be screened
by the presence of other carriers, leading to the dissociation
of excitons to free carriers. This transition (the so-called Mott
transition) occurs at a critical excitation density (Nc) described
by Nc= kBT/(11piEba3b), where kB is the Boltzmann constant,
T is temperature, Eb is the exciton binding energy, and ab
the Bohr radius. The dashed line in Figure 6a represents the
critical density (Nc ≈ 4×1017cm−3 ) of the Mott transition for
Eb=15 meV and ab=5 nm. The larger Eb and smaller ab of
the excitons, the higher Nc for the excitons dissociation. In
Fig. 6a, this trend for the Mott transition toward higher Nc is
depicted by an arrow.
These estimations help to conclude that free carriers
dominate both at low and high concentrations. The
low-concentration case (≈1014÷1016cm−3) corresponds to
the regimes of optoelectronic devices operation, while
high-concentration case (>1018cm−3) corresponds to las-
ing at very strong pumping conditions. In turn, exci-
tons contribute considerably at intermediate carriers densities
(≈1016÷1018cm−3) for halide perovskites, depending on the
binding energy Eb. close to the thresholds of amplified spon-
taneous emission (≈1017÷1018cm−3). The coexistence of ex-
citons and free-carriers in this regions raises debates on lasing
mechanism in 3D halide perovskites79–82.
Information about the dominating type of carriers is also
crucial for the value of the PL QY because free-carriers and
excitons have different relaxation behavior. The decay of pho-
togenerated free carriers in perovskites is usually described
with the following equation:
dN f c
dt
= G− k1N f c− k2N2f c− k3N3f c, (9)
where G is the photo-excited carriers generation rate. k1 is the
rate constant associated with trap-assisted recombination that
relies on an individual carrier (electron or hole) being captured
in a trap. The second relaxation term with k2 corresponds to
intrinsic electron–hole recombination, which depends on both
electron and hole densities and, thus, on N2f c. k3 is coefficient
for non-radiative three-particle Auger recombination. As a
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Figure 6. (a) Calculated fraction of free carriers relatively to ex-
citons as a function of injected carriers density according to the
Saha–Langmuir equation for various values of exciton binding ener-
gies at room temperature. Carriers densities relevant for photovoltaic
(PV), LEDs and lasing applications are highlighted. Adapted from
Ref.78. (b) External PL quantum yield (PLQY) for MAPbBr3 under
pulsed laser excitation (squares) together with the modelled internal
(red) and external (black) QY. Insets illustrate schematically the ori-
gin of QY enhancement and possible further improvement owing to
Purcell effect in resonant perovskite nanoparticles. Adapted from
Ref.83.
9result, the internal QY can be written as:
QY =
k2N f c
k1+ k2N f c+ k3N2f c
(10)
More detailed analysis with taking into account exiton contri-
bution and defects see in Ref.84.
Figure 6b confirms that the internal QY of MAPbBr3 de-
pends almost linearly on photoexcited carriers density in
the low-concentration regimes, saturating before the lasing
regime owing to Auger recombination83. Remarkably, the ex-
ternal QY from the perovskite film is much lower than the in-
ternal one, because emitted light can not escape the smooth
film at high angles relatively to the normal to surface ow-
ing to strong reflection and re-absorption. Therefore, the en-
hancement of light scattering improving probability of emis-
sion outcoupling is one of the straightforward strategies for
external QY improvement up to the level 30-90% at maximum
point83,85–87. However, the external QY still can be less than
10%, when carriers concentration is relatively low. Therefore,
smart nanophotonic designs further improving QY of lumi-
nescence are desirable for high-performance photonic and op-
toelectronic devices10.
Beside the improving of the out-coupling, luminescence
quantum yield can be enhanced because of acceleration spon-
taneous emission in a cavity τsp,cav as compared with that in
homogeneous medium τsp,0 due to the Purcell effect88. The
Purcell factor reaches then its maximal value PF which in
case of closed resonators has the form:
PF =
τ−1sp,cav
τ−1sp,0
=
6pic3
n3ωm
Q
Vmode
, (11)
where n is the refractive index, c is speed of light in vac-
uum, ωm is the angular frequency of the mode, and Vmode is
the mode volume. According to this formula, the increase of
the Q-factor at fixed mode volume results in the acceleration
of spontaneous emission rate, and, thus, the emitted power.
Also, the increase of refractive index of the nanoparticle ma-
terial results in better light localization and, thus, in Q-factor
enhancement and reduction of the mode volume. Thus, the
Purcell effect is more pronounced for perovskites with higher
refractive index, i.e. with narrower band gap (see Fig. 4b,f,j).
Taking into account spontaneous emission acceleration via
the Purcell effect, the internal QY can be modified as follow-
ing89:
QY =
PF · k2N f c
k1+PF · k2N f c+ k3N2f c
(12)
According to the calculations in Fig. 4 and Fig. 6b, such a
modification of spontaneous emission rate in resonant per-
ovskite NPs should result in exceeding 10 % level of external
QY even for carriers density <1016cm−3, i.e. in the regime of
optoelectronic devices operation.
Higher modes in perovskites nanocavities can possess high
enough Q-factors to achieve lasing. Generally, Q-factor in a
dielectric subwavelength cavity exponentially depends on the
mode number m:91
Q(m)∼ eβm, (13)
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sponds to the maximum levels of gain in CsPbBr3. Red region cor-
responds to nanoparticles with small Q-factors not supporting lasing.
Adapted from Ref.90.
where β is the constant determined by the cavity geometry,
optical properties of the cavity and host material. More ad-
vanced designs were recently proposed for high-refractive-
index nanocylinders92, where high-Q modes were highly sym-
metric and badly out-coupled into freely propagating light in
surrounding dielectric medium. This type of high-Q states is
frequently called bound states in continuum (BIC).
Eventually, optimization of Q-factor is crucial for com-
pactization of a microcavity and minimization of its threshold
modal gain (gth) for lasing: gth = 2pin/λQth. Fig. 7 shows
calculated dependencies of thresholds for spherical CsPbBr3
nanoparticles on their size (diameter for sphere and edge
length for cube). Remarkably, high gain in CsPbBr3 per-
ovskites (up to 3×104cm−1 depending on temperature) still
allows for lasing in subwavelength nanoparticles (<540 nm)
regardless their shape, because low-order Mie resonances are
not so sensitive to the shape. Larger particles demonstrate
exponential general trend for reduction of the lasing thresh-
old [see also Eq. (10)]. However, spherical particles are
much more preferable when the size is larger than ∼800 nm,
when whispering gallery modes represent increase of inci-
dence angle of lasing mode to the spherical boundary of par-
ticle, whereas this angle is fixed for the cubic particles. Tak-
ing into account relatively low thermal conductivity of halide
perovskites (<10 W/m·K)8, halide perovskite micro-particles
(>1 µm) of cubic shape are much worse as compared to
more compact sub-micron spherical particles with similar Q-
factors. Nevertheless, final decision on the design selection
is based on technological and experimental aspects, which we
discuss in the next Section.
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V. FABRICATION METHODS
A. Resonant nanoparticles
In order to study novel physics of active meta-optics
based on the Mie-type modes in halide perovskites, vari-
ous building-block designs were fabricated. Namely, in the
most of experiments, the perovskite nanoparticles with sizes
smaller than 1 µm acquired spherical, cubic, and cylindrical
shapes.
Chemical methods allow to create randomly arranged per-
ovskite nanoparticles with cubic shapes mostly. For example,
the ligand assisted reprecipitation method93 or antisolvent-
assisted techniques in aprotic non-polar liquids give a cubic
shape of nanoparticles with a good crystalline structure and
sizes ranging from a few to hundred nanometers57,94. Syn-
thesis of nanoparticles with non-cubic (polygon) shapes were
achieved by a polymer-assisted precipitation on a substrate af-
ter spin-coating and annealing of precursors95.
Another technique is a chemical vapour deposition method
allowing for fabrication of microcubes96 and microspheres56
of halide perovskites randomly arranged on a substrate. This
method is specifically prospective for creation of high-quality
spherical particles56, which is difficult to achieve by the other
methods.
Creation of perovskite nanoparticles with a quasi-spherical
shape and much higher precision of spatial positioning was
demonstrated by means of laser transfer technique26,95. It rep-
resents a physical method (laser ablation) to obtain single per-
ovskite nanoparticles flying from spin-coated perovskite films
to an arbitrary substrate. Also, direct laser ablation of a thin
perovskite film allows for cutting microstructures with shapes
(e.g. cylinders), which are not possible to produce by any
chemical or chemical vapor deposition methods58. Remark-
ably, that the high defect tolerance of halide perovskites pre-
serves high quantum yield for luminescence from the fabri-
cated nanoparticles or microdisks even after the intense laser-
matter interaction process.
Finally, perovskite microparticles of a cylindrical shape
can be fabricated by electron- or ion-beam lithography with
the highest spatial precision97,98. For example, microdisks
with various shapes were created and even integrated with
nanoscale waveguide29.
B. Metasurfaces
Metasurfaces are periodical nanostructures consisting of
the nanoparticles of any shapes and arranged with the peri-
ods less than incident or emitted light wavelengths. Beside
the special requirements for nanoparticles shape, the period-
icity in metasurfaces is another critical parameter. Therefore,
it is very challenging to create high-quality metasurfaces by
means of any chemical methods, including various template-
assisted techniques99. The highest precision was achieved by
employing ion-beam100 and electron-beam101–103 lithography.
However, these lithography-based approaches suffer from rel-
atively low productivity. In this regard, nanoimprint lithogra-
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Figure 8. Resonant enhancement of photoluminescence in halide
perovskite nanoparticles. (a) Schematic illustration of halide per-
ovskite nanoantennas. (b) Experimental dependence of photolumi-
nescence signal on the size of MAPbI3 nanoparticles and correspond-
ing theoretical calculations for the emission rate. (c) Experimental
spectra of photoluminescence from MAPbI3 nanoparticles of differ-
ent sizes and thin MAPbI3 film. Adopted from the paper26.
phy demonstrated high potential for mass-production of halide
perovskite photonic crystals and metasurfaces104–107.
VI. EXPERIMENTAL DEMONSTRATIONS
A. Luminescence enhancement in resonant nanoparticles
In the work26, pronounced Mie resonances were ob-
served experimentally in individual nanoparticles smaller
than 500 nm made of different types of halide perovskite
MAPb(BrxI1−x)3, as shown schematically in Fig.8a. As we
discussed in previous sections, the main advantages of Mie
resonances are local field enhancement and far-field control
for incident light, as well as acceleration of radiative recombi-
nation at the emission wavelength of material. The latter effect
results in the enhancement of luminescence efficiency around
the Mie resonances, which was also observed experimentally
for halide perovskite nanoparticles. In Fig.8b, the perovskite
nanoparticles made of MAPbI3 exhibited clear dependence on
their size, which can be well fitted qualitatively by analytical
calculations based on Eq.(11), or more rigorously basing on
the Chew’s theory.108 The PL from the nanoparticle with the
optimized size is up to 5 times stronger as compared with a
thin film (see Fig.8c). However, optical losses in perovskites
at the exciton peak and increasing mode volume with a growth
of particle’s size reduces an averaged emitted power, being
maximum for the magnetic quadrupole resonance.26
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Figure 9. Lasing from perovskite nanoparticles. (a-c) Scanning elec-
tron microscopy (SEM) images of CsPbBr3 perovskite nanocubes on
a sapphire substrate. Corresponding sizes are shown next to each im-
age. Scale bars are 500 nm. (d-f) Calculated electric field distribution
of the lasing mode (around 535 nm) in the nanocubes. (g-i) Experi-
mentally measured dependencies of the emission intensity from the
nanocubes at room temperature. Adapted from Ref.90.
B. Excitonic effects in resonant nanoparticles
Beside the PL enhancement effect, it is expected that co-
herent coupling of Mie modes of the particle to the exci-
tons109 of perovskite will result in a pronounced Fano res-
onance at room temperature, because the halide perovskites
possess pronounced exciton state with binding energies more
than 20 meV23. As show in work95, the calculated scatter-
ing cross section spectra of spherical MAPbI3 nanoparticles
versus particle radius reveal an asymmetric behavior inherent
for Fano-like dip close to the exciton resonance of MAPbBr3
perovskite at 539 nm. This knowledge is crucial for the anal-
ysis of transmittance spectra for the films made of perovskite
nanoparticles, where the dip around exciton spectral line has
to be attributed to the Fano resonance rather than reduced ab-
sorption in the material.
Another interesting exciton-driven effect is related to a non-
local character of dielectric permittivity of halide perovskites.
The mechanism of this effect is associated with the fact that
excitons in nanoparticles have an additional kinetic energy
that is proportional to k2, where k is the wavenumber. There-
fore, they possess higher energy than in the case of static ex-
citons. In more details, spatial dispersion inside the sphere
results in the emergence of the additional, longitudinal elec-
tric wave, El .110 This wave coexists with the conventional,
transverse waves and can also be expanded in spherical har-
monics with a single set of expansion coefficients. As shown
in the work94, this phenomenon is important at the interme-
diate sizes of nanoparticles, where the nonlocal response of
the exciton affects the spectral properties of Mie modes. As
a result, the some blue-shift of the PL, scattering, and ab-
sorption cross-section peaks can be observed for halide per-
ovskites with sizes in the range between 10 and 100 nm, i.e.
where any quantum confinement effects are negligible, while
the contribution Mie modes is considerable.
C. Lasing from nanoparticles
According to the theoretical predictions (see Fig. 7),
slightly larger perovskite nanoparticles are prospective for las-
ing applications. Indeed, owing to the high QY85 and ability
to support confined optical modes34, halide perovskite based
nanoparticles are also very prospective for creation of micro-
and nanolasers operating at room temperature82. The first suc-
cessful demonstration of this concept with sub-micron parti-
cles was carried out with perfectly spherical CsPbBr3 particles
with a diameter of about 780 nm56. Reduction of size resulted
to significant increase of lasing threshold from 10−1 µJ/cm2
level56 up to 102 µJ/cm2 for sub-wavelength cubic nanopar-
ticles90. As shown in Fig. 9, the CsPbBr3 subwavelength
nanocubes of a high quality can support an efficient lasing at
the fourth-order Mie resonance (electric hexadecapole) even
at room temperatures, being as small as 0.5 λ 3 and the small-
est non-plasmonic nanolaser90. Further size decrease results
in exceeding the damage threshold of the material.
D. Structural and active coloring
The ordered resonant perovskite nanoparticles or resonant
nanostructures (so-called ‘meta-atoms’) can form a metasur-
face. The first application of halide perovskite metasurfaces
was structural coloration100, when different wavelengths of
the incident light are selectively reflected and absorbed by the
metasurface owing to its resonant response (Fig. 10a-b). In-
deed, as shown in Fig. 4, perovskite nanoparticles can demon-
strate enhanced scattering at various wavelengths because of
Mie resonances. Some particular realizations of perovskite
periodical nanostructures and corresponding structural col-
ors are presented in Fig. 10c-d. Similar effect was demon-
strated previously with other semiconductors materials (e.g.,
silicon111 and germanium112).
Additional color mixing becomes possible when incident
light not only passively propagates through the metasurface,
but also makes its active, i.e. induces photolumineacence or
even lasing at a certain intensity and wavelength. Figure 10e
represents an experimental illustration of the active metasur-
face based on MAPbBr3 perovskite nanostructure, where dif-
ferent colors are obtained under different intensity of inci-
dent light with wavelength 400 nm102. This paves the way
for display pixels with tunable colours originated from res-
onantly enhanced luminescence and selectively modified re-
flection properties of halide perovskite metasurfaces.
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Figure 10. Coloring with perovskite metasurfaces and nanostructures. (a) Optical images of MAPbI3 metasurfaces with different periods
and (b) corresponding CE 1931 color space for the meta-pixels with an electron image. (c) Optical and electronic images of perovskite
metasurfaces, as well as corresponding simulated colors. (d) Reflection colors for perovskite metasurfaces. (e) Perovskite metasurfaces with
actively tunable colors by means of luminescence excitation and its experimental demonstrations (f) without and (g) with photoluminescence
contribution.102
The remarkable feature which makes halide perovskites
unique among the other semiconductors is that one can tune
their optical properties in-situ by the anion exchange24,25,
which is much more controllable than photo-induced segre-
gation in perovskites114. The anions (I−, Br−, and Cl−) ex-
change in arbitrary perovskite objects (thin films, nanoparti-
cles, nanowires, etc.) can occur in gas phase when they are
surrounded by an acid molecules (HI, HBr, or HCl). This
approach was applied to resonant CsPbBr3 nanoparticles as
well and resulted in a broadband (∼1 eV) exciton spectral po-
sition tuning by applying HCl acid in gas phase by several
minutes95. As shown in Fig. 11a-c, white light transmission
spectrum through the randomly distributed resonant CsPbBr3
perovskite nanoparticles contains the feature of Fano reso-
nance caused by coupling the exciton with Mie modes in the
nanoparticles, and it is gradually modified at different doses
of HCl gas. Moreover, Fig. 11e proves that the nanoparticles
spectrum can be reversibly modified upon exposure in vapours
of HCl and HBr acids.
The effect of perovskite band-gap engineering was ap-
plied for strong spectral tuning of the optical properties of
MAPbBr3 metasurface (see example in Fig. 11f) by means of
in situ material reversible conversion to MAPbI3 in a chemi-
cal vapor deposition (CVD) tube113. This approach allowed
for switching-off reflection signal reversibly from the per-
ovskite metasurface (Fig. 11g). A switchable perovskite meta-
hologram was also demonstrated (Fig. 11h), when the mate-
rial of the design converting incident light into the word “HIT”
was modified in the CVD tube.
E. Nonlinear metasurfaces
Nonlinear meta-optics based on Mie-resonant nanoparticles
made of Si, GaP, Ge, or GaAs materials is a very rapidly de-
veloping area of modern optics115. In turn, the use of halide
perovskite nanoparticles and metasurfaces is also very attrac-
tive for enhancing nonlinear optical response of metadevices,
as was discussed above.
An increase up to two orders of magnitude in multipho-
ton absorption induced PL was demonstrated with perovskite
metasurfaces pumped by near-infrared fs laser pulses116. The
enhancement factor depends on the type of nanostructure
(see Fig. 12b), and a strong polarization dependence was
demonstrated owing to excitation of various modes. Recently,
such a strong enhancement was employed117 to distinguish
meta-pixels with slightly different designs or excitation wave-
lengths, as shown in Fig. 12c-d. This finding opens a new de-
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Figure 11. Dynamically reconfigurable meta-atoms and metasurfaces. (a) Concept of nanoantenna tunability by an anion exchange in the
vapor phase. (b) Electron image of CsPbBr3 resonance nanoparticles that demonstrates (c) a gradual shift of the Fano resonance after the anion
exchange process (d) confirmed by theoretical modeling95. (e) Experimental demonstration of the reversible multicycle tuning of the Fano
resonance95. (f) Electron image of MAPbBr3 metasurface switched to MAPbI3 phase by an anion exchange, as shown in (g). (h) Holographic
images before and after the chemical switching of perovskite metasurfaces shown schematically in the lower row of images.113
gree of freedom for structural coloring and encoding of infor-
mation. Nonlinear metasurfaces made of plasmonic structures
coupled to a perovskite layer were also proposed recently for
ultrafast modulation of terahertz signals118,119, demonstrating
picosecond-scale material‘s response.
VII. SUMMARY AND OUTLOOK
We have presented a brief overview of the recent advances
in the emerging field of active meta-optics and dielectric
nanophotonics based on halide perovskites. In particular,
we have demonstrated that nanoparticles made of halide per-
ovskites and having various shapes can support pronounced
Mie resonances in visible and near-infrared spectral range.
Such optically-resonant perovskite nanoparticles can provide
a subwavelength confinement of the local electromagnetic
fields, and they can boost many optical effects originating
from strong light-matter interaction and optical magnetism,
thus offering novel opportunities for the subwavelength con-
trol of light in active and light-emitting nanostructures and
metasurfaces. Figure 13 summarizes several recently de-
veloped applications of halide-perovskite active and light-
emitting metasurfaces. These examples range from a standard
wave-front control and spectrally-resolved wave selection to
novel functionalities such as highly-efficient luminescence,
compact lasing, and reversible chemistry-induced tunability.
For the future developments, we emphasize that a combi-
nation of halide perovskites with nanostructuring suggest that
the performance of many perovskite-based optical devices can
be improved substantially, and perovskite devices can be em-
powered by optical resonances and nanostructuring. Below
we outline several research directions where we oversee some
further progress in the next coming years.
Ultimately small nanolasers. According to Fig. 7, one
can expect room-temperature lasing at the sizes considerably
smaller than the wavelength of emitted photons (down to
0.6λ ) owing to a high gain of halide perovskites. Further de-
creasing the nanolaser size becomes possible by employing
various strategies. The first strategy is a decrease of nanolaser
temperature in order to simply increase the population of ex-
cited carriers at the bottom of the conduction band as usu-
ally happens in semiconductors120. The second strategy is
related to the optimization of perovskite material properties.
For example, cooling halide perovskite can lead to phase tran-
sitions and phase co-existence at some temperature intervals
(e.g. at T <160 K, for MAPbI3). In such a case, a gain origi-
nates from tetragonal phase inclusions that are photogenerated
by the pump within the bulk orthorhombic host matrix with
slightly wider band gap and lower losses in the range of lasing
from the tetragonal phase inclusions121. Similar multiphase
optimization might be achieved potentially even at room tem-
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Figure 12. Nonlinear up-conversion from halide perovskite metasurfaces. (a) Experimentally measured dependence of nonlinear photolumi-
nescence on incident fluence of 150-fs infrared laser pulses. (b) Experimental spectra of nonlinearly pumped photoluminescence from different
triple-cation mixed-halide perovskite nanostructures with corresponding electron images. (c) A top view electron images of MAPbBr3 meta-
surface for nonlinear imaging, scale bar is 300 µm. The insets are the images of the encoded information and the background, scale bar is
1 µm. (d) Nonlinear photoluminescence images under different pumping wavelengths 1500 nm (upper), 1400 nm and 1350 nm of femtosecond
laser, and linear photoluminescence image pumped by a laser at wavelength 400 nm (lower).117
peratures by anion-mixing in perovskites, where a segregation
process results in a separation of different mono-halide per-
ovskite phases122 and, thus, the formation of inclusions with
smaller bandgaps inside a host medium with a wider bandgap.
Enhanced electroluminescence. Resulting from the previ-
ous demonstration of the enhanced PL from perovksite meta-
atoms26, metasurfaces31,33,100,102,113,117, and also electrolu-
minescence from random nanoparticles87 and photonic crys-
tals123, we anticipate the demonstration of electrically-driven
metasurface-based perovskite LEDs. This would result in
a dynamical control of LED emission and may offer new
opportunities for efficient and smart displays. Remarkably,
current state-of-the-art perovskite-based LEDs can be semi-
transparent124, which allows for an additional control of not
only emitted light, but also transmitted light expanding the
device functionality. Finally, the optimized perovskite meta-
surfaces supporting high-Q modes can be utilized for creat-
ing electrically pumped perovskite lasers, which has not been
demonstrated so far.
Holographic luminescent or lasing images. Recent
progress in all-dielectric light-emitting nanoantennas and
metasurfaces125,126 offer new opportunities for control of the
emission wavelength, brightness, wavefront shape, and direc-
tion of the emitted light. This would be beneficial for 3D
imaging or holography127,128, where different encoded im-
ages are projected at different viewing angles. All-dielectric
15
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Figure 13. Schematic illustration of several different applications
of perovskite meta-optics for nonlinear nanophotonics, nanolasers,
resonance-based coloring, and chemically controlled tunability.
perovskite-based metasurfaces supporting lasing could also
improve quality of imaging in holographic displays owing to
high coherence and improved directivity of the emitted light.
Perovskite photovoltaics. Highly efficient perovskite solar
cells with structural colors129,130 presents another important
step for building integrated photovoltaic devices and smart
glass. On the other hand, randomly distributed resonant plas-
monic51 and dielectric52 nanoparticles have already been uti-
lized for boosting photovoltaic characteristics. Next logical
step in this direction would be to combine structural colors
in transmittance/reflectance, enhanced absorption, and even
controlled luminescence directivity to create multifunctional
light-emitting solar cells131 with an outstanding performance.
Enhanced sensing. Recent designs based on high-Q all-
dielectric metasurfaces132,133 demonstrate outstanding func-
tionalities of nanostructured devices for biosensing applica-
tions. In turn, halide perovskite metasurfaces with similar de-
signs would allow creating highly sensitive liquid130, gas95,
and deformation134 sensors. This would allow to acquire spa-
tially resolved spectra from millions of image pixels and use
smart data-processing tools to extract high-throughput digital
sensing information at the unprecedented level of sensitivity
with the spectral data retrieval from a single image without
using spectrometers.
Optical cooling. The effect of temperature decrease upon
material illumination by photons with the energies lower than
that of the excitonic state (upconversion) and absorption of an
additional phonon135,136 was demonstrated experimentally for
perovskites micro objects137. One of the possible applications
of the Purcell factor enhancement in perovskite nanoparticles
is more efficient optical cooling at the nanoscale. Indeed, as
was predicted theoretically89, this effect helps to boost inter-
nal QY of PL for MAPbI3 nanoparticles and enhance the ab-
sorption of light at pumping wavelength below band gap. As
a result, we may expect the cooling down to ∆T ≈–100 K.
In brief, we anticipate further rapid progress in this re-
search direction driven by the concepts of meta-optics owing
to a great potential for applications of halide-perovskite meta-
optics in new types of light sources, light-emitting metasur-
faces, next-generation displays, quantum signal processing,
and efficient lasing. Moreover, meta-optics can have even a
broader range of applications highlighting the importance of
optically-induced magnetic response, including structural col-
oring, optical sensing, spatial modulation of light, nonlinear
active media, as well as both integrated classical and quan-
tum circuitry and topological photonics, underpinning a new
generation of highly-efficient active metadevices.
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